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ABSTRACT Bacterial biofilm formation is a widespread phenomenon and a complex
process requiring a set of genes facilitating the initial adhesion, maturation, and pro-
duction of the extracellular polymeric matrix and subsequent dispersal of bacteria.
Most studies on Escherichia coli biofilm formation have investigated nonpathogenic
E. coli K-12 strains. Due to the extensive focus on laboratory strains in most studies,
there is poor information regarding biofilm formation by pathogenic E. coli isolates. In
this study, we genotypically and phenotypically characterized 187 human clinical E. coli
isolates representing various pathotypes (e.g., uropathogenic, enteropathogenic, and en-
teroaggregative E. coli). We investigated the presence of biofilm-associated genes (“ge-
notype”) and phenotypically analyzed the isolates for motility and curli and cellulose
production (“phenotype”). We developed a new screening method to examine the in
vitro biofilm formation ability. In summary, we found a high prevalence of biofilm-
associated genes. However, we could not detect a biofilm-associated gene or spe-
cific phenotype correlating with the biofilm formation ability. In contrast, we did
identify an association of increased biofilm formation with a specific E. coli patho-
type. Enteroaggregative E. coli (EAEC) was found to exhibit the highest capacity for
biofilm formation. Using our image-based technology for the screening of biofilm
formation, we demonstrated the characteristic biofilm formation pattern of EAEC,
consisting of thick bacterial aggregates. In summary, our results highlight the fact
that biofilm-promoting factors shown to be critical for biofilm formation in non-
pathogenic strains do not reflect their impact in clinical isolates and that the ability
of biofilm formation is a defined characteristic of EAEC.

IMPORTANCE Bacterial biofilms are ubiquitous and consist of sessile bacterial cells
surrounded by a self-produced extracellular polymeric matrix. They cause chronic
and device-related infections due to their high resistance to antibiotics and the host
immune system. In nonpathogenic Escherichia coli, cell surface components playing
a pivotal role in biofilm formation are well known. In contrast, there is poor informa-
tion for their role in biofilm formation of pathogenic isolates. Our study provides in-
sights into the correlation of biofilm-associated genes or specific phenotypes with
the biofilm formation ability of commensal and pathogenic E. coli. Additionally, we
describe a newly developed method enabling qualitative biofilm analysis by auto-
mated image analysis, which is beneficial for high-throughput screenings. Our results
help to establish a better understanding of E. coli biofilm formation.
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Biofilms are microbial communities that live in a self-produced extracellular poly-
meric matrix consisting of exopolysaccharides (EPS), proteins, and DNA adhered to

abiotic or biotic surfaces (1–3). Bacterial biofilms are highly problematic in clinical
settings, where they can cause chronic, nosocomial, and device-related infections due
to their high resistance to antibiotics and the host immune system (4, 5). It is increas-
ingly presumed that the formation of microbial communities is associated with the
pathogenicity of bacteria (6, 7) and that bacteria persisting in biofilms are the main
cause for recurrent and chronic infections (8).

Escherichia coli is known as a highly versatile bacterium that can exist as a harmless
commensal in the mammalian colon or as a pathogen causing significant morbidity and
mortality worldwide. There are two types of pathogenic E. coli, namely, intestinal
pathogenic E. coli (InPEC) and extraintestinal pathogenic E. coli (ExPEC). The ExPEC
group includes uropathogenic E. coli (UPEC), which is responsible for urinary tract
infections (UTI) (9) and commonly found in biofilms on the surface of urinary catheters
(10). The InPEC isolates cause diarrheal infections and can be classified into eight
different pathotypes based on their virulence gene repertoire and adherence pattern to
epithelial HEp-2 cells. These eight pathotypes are enteropathogenic E. coli (EPEC),
diffusely adherent E. coli (DAEC), enterotoxigenic E. coli (ETEC), adherent-invasive E. coli
(AIEC) associated with Crohn’s disease, enteroaggregative E. coli (EAEC), and Shiga
toxin-producing E. coli (STEC), including enterohemorrhagic E. coli (EHEC) and entero-
invasive E. coli (EIEC) (11–13).

Since its first description in 1987 (14), the pathogenesis of EAEC infection remains
poorly elucidated. EAEC is well known for its ability to adhere to the small and large
intestinal mucosa and to form thick aggregating biofilms by surrounding itself with an
extracellular matrix (15–17). Wakimoto et al. screened a total of 1,042 E. coli isolates
from children with diarrhea and reported that EAEC isolates exhibited significantly
stronger biofilm formation than non-EAEC isolates (18). In addition, Mohamed et al.
determined the potential of different EAEC isolates from travelers to developing
countries and confirmed that biofilm formation is a widespread phenomenon in the
EAEC pathotype (19). These in vivo and in vitro observations have led to the conjecture
that the genetic equipment of different pathotypes enables them to exhibit increased
biofilm formation. Thus, the ability to form biofilms is a defined characteristic of certain
pathotypes contributing to their pathogenesis. To date, the literature contains only one
study that compares biofilm formation among a large number of different E. coli
pathotypes (20), and only UPEC and EAEC are well known for their biofilm forming
capabilities.

E. coli is one of the most-studied model organisms for biofilm formation analysis in
vitro. Biofilm formation in E. coli requires a set of genes facilitating its initial adhesion,
maturation, EPS production, and subsequent dispersal. Various studies have focused on
the impact of cell surface components on the formation of bacterial surface commu-
nities of nonpathogenic E. coli K-12 strains (21–25). Pratt and Kolter showed that
motility mediated by flagella and type 1 fimbriae contributes to biofilm formation in E.
coli K-12 (21). These results were confirmed by Wood et al., who directly correlated the
motility of E. coli K-12 with the biofilm-forming ability (26). However, another study
demonstrated that the presence of mannoside and the lack of motility did not impair
the ability of an EAEC strain to form biofilms (27). This highlights the fact that results
from nonpathogenic strains do not reflect the true picture of biological processes in all
E. coli isolates. Moreover, due to the extensive focus on nonpathogenic E. coli in most
studies, there is scant information regarding biofilm formation by E. coli pathotypes and
the impact of biofilm-associated components. Among the wide range of surface
components described for E. coli, only aggregative adherence fimbriae (AAF) of EAEC
were shown to be related to biofilm formation in vitro (27).

To ascertain the correlations of genotypic and phenotypic characteristics and the
pathotype with biofilm formation, we investigated 187 clinical E. coli isolates. These
included human intestinal commensal (fecal) E. coli (HFEC), uropathogenic E. coli
(UPEC), which was described as biofilm developing, enterotoxigenic E. coli (ETEC),
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atypical enteropathogenic E. coli (aEPEC), enteroaggregative E. coli (EAEC), which
was already described as biofilm developing, sepsis-associated E. coli (SAEC), Crohn’s
disease-associated E. coli (CAEC), and chicken intestinal commensal (avian fecal) E. coli
(AFEC). In addition to the evaluation of the biofilm-forming capability, isolates were
examined for the presence of biofilm-associated genes (genotype) and analyzed phe-
notypically for motility, curli expression, and cellulose production (phenotype), since E.
coli biofilm formation has been associated with the expression of curli fimbriae and
exopolysaccharide cellulose (28, 29).

The VideoScan technology, which is based on fully automated fluorescence micros-
copy, enables the analysis of multiplex assays such as microbead, droplets, and
cell-based assays or assays in solution (30–33). We expanded this VideoScan technology
during this study for high-throughput screening of biofilms.

RESULTS
Genotypic characterization of E. coli pathotypes. Biofilm-associated genes were

found in various frequencies in all eight pathotypes tested, with csgA (99.5%), bcsA
(96.3%), fimH (92%), and fliC (77%) showing higher prevalences and agn43 (43.3%) and
papC (33.7%) having lower prevalences in all 187 isolates. UPEC isolates carried the
highest number of all detected genes per pathotype (86.9%), followed by SAEC (85.1%),
while CAEC and EPEC showed the lowest numbers (71.4%).

The prevalences of agn43, fimH, fliC, and papC genes differed significantly among E.
coli pathotypes. EAEC isolates exhibited a significantly higher prevalence of agn43 than
EPEC (P � 0.01), ETEC (P � 0.01), CAEC (P � 0.01), and AFEC (P � 0.05) isolates. EPEC
isolates showed a prevalence of agn43 that was significantly lower than isolates from
the pathotypes SAEC (P � 0.01), UPEC (P � 0.05), and HFEC (P � 0.05). Furthermore,
EAEC isolates were found to have a lower prevalence of fimH than AFEC, EPEC, SAEC,
and UPEC isolates (P � 0.05). For fliC, a significantly lower prevalence was found in EAEC
isolates than in ETEC (P � 0.05) isolates. UPEC isolates had a higher prevalence of papC
than ETEC and EAEC isolates (P � 0.01). Additionally, ETEC isolates showed a lower
prevalence of papC than SAEC (P � 0.01) and HFEC (P � 0.05) isolates. Detailed
information about the genotypic characterizations of the examined E. coli isolates is
given in Table 1.

Curli and cellulose production in E. coli pathotypes. After incubating at 28°C on
Congo red agar plates, 52 (27.8%) isolates produced the red, dry, and rough (rdar)
morphotype, showing curli and cellulose production, 61 (32.6%) isolates had the
brown, dry, and rough (bdar) morphotype, showing only curli production, and 74
(39.6%) isolates produced neither curli nor cellulose and showed the smooth and white
(saw) morphotype. An incubation of the bacteria at 37°C showed only 27 (14.4%)
isolates produced the rdar morphotype, whereas the bdar morphotype was found in 72

TABLE 1 Prevalences of biofilm-associated genes in 187 E. coli isolates

Gene

% of isolates

P valueaHFEC UPEC ETEC EPEC EAEC SAEC CAEC AFEC

agn43 54.2 58.3 25 12.5b,c 75b,d 62.5 21.1 33.3 0.0001
bcsA 95.8 100 100 83.3 100 100 89.5 100 0.0165
papC 41.7 66.7b,e 4.2b,f 33.3 12.5 50 26.3 33.3 0.0002
csgA 95.8 100 100 100 100 100 100 100 0.4470
fimH 91.7 100 87.5 100 66.7b,g 100 89.5 100 0.0002
fliC 83.3 83.3 95.8 70.8 50b,h 83.3 73.7 75 0.0208
aP values for the comparison of the prevalence of a gene between all pathotypes.
bPrevalence of this gene was statistically significantly different between two pathotypes, with at least a P
value of �0.05.

cLower than SAEC, UPEC, and HFEC.
dHigher than EPEC, ETEC, CAEC, and AFEC.
eHigher than ETEC and EAEC.
fLower than SAEC and HFEC.
gLower than AFEC, EPEC, SAEC, and UPEC.
hLower than ETEC.
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(38.5%) isolates and the saw morphotype in 88 (47.1%) isolates (Fig. 1 and 2). However,
no significant association between a pathotype and a specific morphotype was found.
No isolate producing the pink, dry, and rough (pdar) morphotype indicative of cellulose
expression without curli production was found. Detailed information about curli and
cellulose production in the examined E. coli isolates is given in Table 2.

Motility assay. Of the 144 (77%) E. coli isolates that were positive for fliC expression,
only 114 (79%) isolates showed motility in 0.25% Luria-Bertani (LB) soft agar (Fig. 3).
Twenty-five more isolates showing no amplification of fliC by PCR were also found
motile on soft agar, making the total number of isolates showing motility 139 (74%).
The highest number of motile isolates was found in the HFEC group (92%). The least of
all motile isolates belonged to the AFEC group, with 14 motile isolates (58%). When
examining the association of fliC expression and motility, we found a strong significant
correlation (P � 0.01), suggesting that isolates carrying fliC were usually motile.
However, no significant association was found between the different groups and
motility.

Biofilm formation with crystal violet assay. In total, 187 E. coli isolates were
examined for biofilm formation in LB medium using crystal violet staining. This method
was applied to confirm the results achieved with VideoScan. The mean optical density
at 570 nm (OD570) values were 0.100 � 0.04 for the negative control (sterile LB medium)
and 3.599 � 0.32 for the positive control E. coli MG1655 F=Tet ΔtraD. The cutoff OD570

value for an isolate to be considered a biofilm producer (ODc) was found to be 0.208.
In total, 179 (96%) isolates were identified as biofilm forming, whereas only eight

(4%) isolates were considered non-biofilm forming. OD570 readings ranged from 0.172

FIG 1 Colony morphologies and colors of different E. coli isolates on a Congo red agar plate. Bacteria
were grown at 37°C for 24 h on LB agar plates without salt containing Congo red dye. E. coli Nissle 1917
developed a rough and dry colony morphology with red color based on the binding of Congo red dye
(rdar morphotype). E. coli isolate 5212 (EPEC) exhibited a brown and shinier color but also a dry and
rough colony morphology (bdar morphotype). The isolate E. coli 5644 showed smooth and white-colored
colonies (saw morphotype).

FIG 2 Fluorescence of different E. coli isolates on a calcofluor agar plate. Bacteria were grown at 37°C for
24 h on LB agar plates containing calcofluor. Cellulose-producing bacteria showed a fluorescent colony
morphology (E. coli Nissle 1917). E. coli isolate 5644 (EAEC) exhibited no cellulose production.
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to 3.074. Of the biofilm-forming isolates, 77 (41%) were weak biofilm producers (OD570

of �0.208 and �0.416), 65 (35%) isolates were moderate biofilm producers (OD570

of �0.416 and �0.832), and 37 (20%) isolates were found to be strong biofilm
producers (OD570 of �0.832). The majority of isolates with a strong biofilm-forming
capability was found in the pathotype EAEC, with 14 (58%) isolates showing OD570

readings of �0.832. The group with the fewest isolates forming strong biofilms was the
EPEC group, with only one isolate (4%).

Biofilm formation with the VideoScan technology. In total, 187 E. coli isolates
were examined for biofilm formation in enriched LB, tryptic soy broth (TSB), and brain
heart infusion (BHI) broth and in minimal medium M63 and were analyzed with the
VideoScan technology. The relative fluorescence intensity (relFI) of the negative con-
trols (medium without bacteria) was 0.0027 for LB medium, 0.0031 for TSB, 0.0055 for
BHI broth, and 0.0006 for M63 medium. For the positive control E. coli MG1655 F=Tet
ΔtraD, the relFI was 0.3656 in LB broth, 0.4059 in TSB, 0.3453 in BHI broth, and highest
in M63 medium, at 0.7738. We defined a cutoff for each medium to distinguish between
non-biofilm- and biofilm-forming isolates, as it is commonly used for crystal violet
assays (34). Cutoffs were 0.0128 for LB broth, 0.0105 for TSB, 0.0115 for BHI broth, and
0.0060 for M63 medium (Fig. 4). In total, 24 isolates (13%) were considered non-biofilm
forming using the VideoScan technology.

The relFI for the examined isolates incubated in LB medium ranged from 0.0060
(EPEC isolate) to 0.1595 (EAEC isolate). In TSB medium, the lowest relFI was 0.0066
(EPEC isolate) and the highest was 0.2504 (EAEC isolate). The relFI for isolates
incubated in BHI broth ranged from 0.0102 (CAEC isolate) to 0.2923 (EAEC isolate).
In M63 medium, the lowest relFI was 0.0035 (SAEC isolate) and the highest was
0.3355 (EPEC isolate).

A comparison of both methods for the evaluation of biofilms in LB medium
showed a significant correlation between VideoScan and crystal violet (Pearson’s

TABLE 2 Incidences of Congo red morphotype and fluorescence on calcofluor plates in
187 E. coli isolates

Pathotype

No. (%) of isolatesa

28°C 37°C

Morphotype on CR
Fluorescence
on CF

Morphotype on CR
Fluorescence
on CFrdar bdar saw rdar bdar saw

HFEC 9 (37.5) 5 (20.8) 10 (41.7) 9 (37.5) 2 (8.3) 7 (29.2) 15 (62.5) 2 (8.3)
UPEC 6 (25) 7 (29.2) 11 (45.8) 6 (25) 4 (16.7) 12 (50) 8 (33.3) 4 (16.7)
ETEC 4 (16.7) 11 (45.8) 9 (37.5) 4 (16.7) 2 (8.3) 11 (45.8) 11 (45.8) 2 (8.3)
EPEC 5 (20.8) 10 (41.7) 9 (37.5) 5 (20.8) 3 (12.5) 5 (20.8) 16 (66.7) 3 (12.5)
EAEC 6 (25) 5 (20.8) 13 (54.2) 6 (25) 4 (16.7) 9 (37.5) 11 (45.8) 4 (16.7)
SAEC 9 (37.5) 8 (33.3) 7 (29.2) 9 (37.5) 3 (12.5) 15 (62.5) 6 (25) 3 (12.5)
CAEC 6 (31.6) 6 (31.6) 7 (36.8) 6 (31.6) 5 (26.3) 4 (21.1) 10 (52.6) 5 (26.3)
AFEC 7 (29.2) 9 (37.5) 8 (33.3) 7 (29.2) 4 (16.7) 9 (37.5) 11 (45.8) 4 (16.7)
aPercentages based on all isolates from the pathotype. CR, Congo red; CF, calcofluor.

FIG 3 Swimming motility of E. coli on a soft agar plate. Bacteria were stabbed in the center of the agar
plate and incubated at 37°C for 16 h. A positive motility was indicated by diffused growth around the
point of inoculation (E. coli MG1655 F=Tet). Growth restricted along the stab point indicated a nonmotile
isolate (E. coli 5148).
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correlation coefficient [r] � 0.5887, P � 7.953e�19, 95% confidence interval, 0.4863
to 0.6751). The pathotype with the significantly highest capacity for biofilm forma-
tion in enriched medium was EAEC, with a mean relFI of 0.0716 in LB broth, 0.0842
in TSB, and 0.1161 in BHI medium (P � 0.01). Although EPEC isolates were found to
exhibit low biofilm-forming capabilities in enriched media, this group comprised
the strongest biofilm-forming isolates in minimal medium M63. The highest relFI
values for all 187 tested isolates for biofilm formation were obtained using BHI
medium. Figure 4 shows the distributions of relFI values for each of the E. coli
pathotype isolates.

To further examine E. coli isolates for biofilm formation, overview images from each
well of the 96-well plates were captured automatically. Overview images of the single

FIG 4 Biofilm formation of E. coli isolates in four different culture media analyzed with the VideoScan technology. Dot plots
showing the relative fluorescence intensities ([relFIs] AU) of SYTO 9-stained bacteria, which were examined for biofilm
formation in four different media (LB, TSB, BHI, and M63). Each dot represents the median value of the relFI. The biofilm
assays were performed three times with triplicates in each assay. The dotted lines mark the cutoffs for biofilm formation
in each medium. Open circles indicate no biofilm and solid circles indicate biofilm formation. EAEC isolates exhibited the
highest relFI in enriched media (LB, TSB, and BHI). The relFIs differed significantly between the pathotypes (0.95 confidence
level). To show these differences, pathotypes were grouped. Pathotypes in group A are significantly different from
pathotypes in group B. For example, in LB medium, the pathotypes AFEC, CAEC, HFEC, SAEC, and UPEC (group A) exhibit
significantly higher relFIs than EPEC and ETEC (group C) and significantly lower relFIs than EAEC (group B). The groups for
pathotypes were created separately for each medium.
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wells were merged to 96-well-plate overview images for each plate (Fig. 5), which
enabled better comparisons among the biofilms formed by a single isolate in different
culture media and among different isolates on the plate. This qualitative analysis
provided information about the general biofilm formation of a bacterial isolate, the
spatial distribution, and the structure of the biofilm (e.g., flat, aggregated, etc.). Figure
6 shows overview images of single wells with E. coli isolates representing the different
strengths of formed biofilms. The positive control exhibited a dense and compact
biofilm, which was equally distributed within the well (Fig. 6A). Another kind of biofilm
was shown by an HFEC isolate in M63 medium. The isolate built up a stronger biofilm
at the edge of the well, indicated by a bright fluorescent ring, compared to at the
center of the well, where bacterial cells were evenly distributed and formed a flat
biofilm (Fig. 6B). In contrast to this, a UPEC isolate incubated in the same medium only

FIG 5 Overview image of E. coli biofilms in a 96-well plate. Merged single-well fluorescence images show a 96-well plate with SYTO
9-stained biofilms. From left to right: beads that were used as an internal reference and five EAEC isolates (5270, 5271, 5272, 5275, and
5276) are shown. Each isolate was examined for biofilm formation in four media (LB, TSB, BHI, and M63) in triplicate (box).

FIG 6 Single-well overview images of E. coli isolates showing different strengths of biofilm formation. Fluorescence
images were captured after 48 h of biofilm formation in respective media and staining with SYTO 9. (A) The positive
control E. coli MG1655 F=Tet ΔtraD in LB medium exhibiting strong biofilm formation (relFI, 0.4398). (B) One HFEC
isolate in M63 medium displaying an even biofilm in the center and a much more pronounced biofilm along the
edge of the well (relFI, 0.1102). (C) One UPEC isolate in M63 medium forming a flat and evenly distributed biofilm
in the well (relFI, 0.0369). (D) One EAEC isolate in BHI medium showing the characteristic biofilm consisting of thick
bacterial aggregates (relFI, 0.2763).
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formed a very thin and consistently distributed biofilm (Fig. 6C). However, no correla-
tion was found between a pathotype and a specific kind of biofilm, except for EAEC. In
addition to the significantly high biofilm-forming capability of this pathotype, EAEC
isolates formed characteristic dense aggregating biofilms. In total, 21 of 24 EAEC
isolates formed this typical biofilm consisting of thick bacterial aggregates (Fig. 6D).

DISCUSSION

We characterized 187 E. coli isolates to ascertain potential associations of biofilm-
associated genes (genotype), motility, curli expression, and cellulose production (phe-
notype) in different E. coli pathotypes with their biofilm formation ability. To evaluate
biofilm formation by a large number of commensal and pathogenic E. coli isolates, we
developed and used a new screening method. Biofilm formation was analyzed by the
VideoScan technology based on fully automated fluorescence microscopy to perform
image-based high-throughput screening of biofilms.

A high prevalence of biofilm-associated genes was found due to the fact that the
majority of the microorganisms exist in biofilms in nature. For pathogenic bacteria,
biofilm formation is an important step in the host infection process and thus contrib-
utes to pathogenicity (6). Motility in E. coli is common and is considered a virulence
factor in pathogenic bacteria (35–37). The gene encoding FliC, the main structural
subunit of E. coli flagella (38, 39), was found in 144 (77%) E. coli isolates. In total, 139
(74%) isolates were motile in soft agar, of which 25 (18%) isolates showed no ampli-
fication of the fliC gene. This could be due to sequence variations in fliC among
different E. coli isolates (40) and/or the expression of another or new flagellin genes
(41). Although Pratt and Kolter found that motility, and not chemotaxis, is required for
E. coli to form a biofilm (21), it is also possible for nonmotile strains to adhere to surfaces
and develop a biofilm (42). Sheikh et al. showed that a nonmotile EAEC mutant could
form biofilms on glass and plastic surfaces indistinguishable from those of the wild-type
strain (27). This is in agreement with our findings, as the screening for motility revealed
only 67% of EAEC isolates were motile in comparison to HFEC with 92% motile isolates;
even then, EAEC isolates were found to be the strongest biofilm formers. As no
correlation of motility was found with biofilm formation, our results suggest that
motility is not necessarily required for biofilm formation.

Other factors playing an important role in biofilm formation are adhesins. Type
I fimbriae are proteinaceous filamentous adhesins, which are commonly produced
by both commensal and pathogenic E. coli isolates (43). These fimbriae have been
reported to play a critical role in E. coli’s ability to form biofilms on abiotic surfaces,
as fimH mutants have been reported to show reduced initial attachment (21, 44, 45).
The pathotype EAEC showed a prevalence of 66.7% for fimH, which was higher in
all other pathotypes, suggesting different adhesive structures, e.g., aggregative
adherence fimbriae, are involved in the initial adhesion of EAEC during biofilm
formation (27).

Another biofilm-associated gene that was examined was papC encoding the outer
membrane assembly platform, which is needed for the formation of P fimbriae. These
pyelonephritis-associated pili (pap) are commonly found in UPEC organisms and they
play a pivotal role in the pathogenesis of ascending urinary tract infections, such as in
pyelonephritis (46, 47). By PCR, we found a high prevalence (66.7%) of papC-carrying
UPEC isolates. However, the data suggested that this biofilm-associated gene cannot
account for the differences observed in biofilm formation, as EAEC isolates, shown to be
the strongest biofilm-forming pathotype, exhibited significantly lower prevalence for
papC (P � 0.01). Additionally, no correlation for UPEC isolates between papC and
biofilm formation in vitro could be found, which rather suggests a role in the in vivo
colonization of uroepithelial cells (48).

One of the characteristic features that distinguishes bacteria existing in biofilms
from planktonic bacteria is the extracellular matrix, with curli fimbriae being the main
constituent of E. coli biofilms. CsgA, the major subunit of curli fimbriae, plays crucial
roles in cell aggregation, adhesion to surfaces, and biofilm formation (28, 49, 50).
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Frömmel et al. screened 317 E. coli isolates for virulence-associated genes and found a
prevalence of 90.9% for gene encoding CsgA (51). We have also found a very high
(99.5%) prevalence in E. coli isolates, and curli have also been reported as highly
conserved and present in almost all E. coli organisms (52). A second component of the
matrix found in E. coli biofilms is cellulose. BcsA, acting as the catalytic subunit of the
cellulose synthase, was found in 180 isolates (96.3%), as it is a widespread phenomenon
in E. coli organisms (53, 54). In addition to the presence of csgA and bcsA, we verified
the isolate’s general ability to express curli and cellulose to ascertain a potential
correlation with biofilm formation. To investigate curli and cellulose production as it is
carried out in many other publications (55, 56), LB agar plates without salt were used,
as low salt concentrations are known to increase curli and cellulose expression. In total,
curli expression was less prevalent when incubating the isolates at higher tempera-
tures, which is in agreement with the fact that curli expression is a temperature-
regulated process (57, 58). Although curli and cellulose are known to promote biofilm
formation (54, 59), we could not associate the phenotype expressing both components
with biofilm formation. We observed that some of the best biofilm formers, within the
group of EAEC, did not produce cellulose or curli, whereas one ETEC isolate expressed
both and showed only weak biofilm formation. The fact that curli expression is
repressed at 37°C, which was also confirmed in our study, showed clearly that this
component is not critical for biofilm formation in the pathogenic isolates under the
investigated conditions.

Finally, we investigated the occurrence of the gene agn43 or flu encoding antigen
43 (Ag43), an autoaggregation factor belonging to the group of autotransporter
proteins known to promote cell-to-cell adhesion. This outer membrane protein plays a
key role in biofilm formation by leading to the autoaggregation of bacterial cells and
thereby facilitating the three-dimensional biofilm structure (60–64). Higher expression
of the gene encoding Ag43 was found in biofilm-forming bacteria, and a deletion of
agn43 caused a decrease in biofilm formation (24, 63). We also found high prevalences
of agn43 in EAEC (75%), SAEC (62.5%), and UPEC (58.3%) isolates, which is in agreement
with studies from other groups (65, 66). A strong formation of aggregates, which is
promoted by Ag43 (67), was observed while screening EAEC isolates for biofilm
formation in different media with our VideoScan technology. Although EAEC isolates
showed the highest prevalence of agn43, no significant correlation was found between
the gene and the biofilm forming ability. Therefore, we suggest that the autoaggre-
gation factor supports biofilm formation in EAEC isolates, but it is not critical for biofilm
formation on abiotic surfaces.

We have adapted the VideoScan technology and expanded it for the screening of
biofilm formation. Using the crystal violet method, eight isolates (4%) were identified as
non-biofilm formers, whereas 24 isolates (13%) showed no biofilm formation using the
VideoScan method. Altogether, two isolates, one CAEC and one AFEC isolate, were
scored as non-biofilm forming by both methods. The isolates that made up the largest
part of the non-biofilm formers identified with the VideoScan technology belong to the
pathotypes ETEC and EPEC. In total, 17 of 24 (71%) isolates unable to form biofilms were
ETEC or EPEC isolates. In contrast, nearly all of these isolates showed weak to moderate
biofilm formation using the crystal violet method. This could be explained by the fact
that ETEC and EPEC isolates form biofilms at the peripheries of the wells and at the
air-liquid interface, generally referred to as “pellicle” or floating biofilms (68, 69). Thus,
the VideoScan method detects biofilms formed at the bottoms of the wells and
distinguishes between biofilm formation on surfaces and floating biofilms, which is
beneficial in testing different materials or surface coatings. In comparison to the crystal
violet assay as the gold standard method for biofilm analysis, where only the strength
of biofilm formation is measured, the VideoScan platform has the advantage of being
an automated method, offering timesaving assay performance and creating added
value, as it represents an image-based technology where the user can obtain informa-
tion about the structure and spatial distribution of the formed biofilm. In summary, we
found a considerable variation among the E. coli isolates in their abilities to form
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biofilms in vitro. As already shown in other studies (20, 70), we also found that the
growth medium has a major effect on in vitro biofilm formation. The highest relFI values
were obtained when using BHI medium for biofilm formation. This could be due to the
fact that BHI is a highly nutritious medium containing calf brain and beef heart, and
thus essential growth factors, amino acids, and vitamins enhancing bacterial growth.
The most significant ability for biofilm formation was found in isolates of the pathotype
EAEC (P � 0.01), and the image-based VideoScan technology demonstrated the
characteristic biofilm formation pattern of EAEC, consisting of thick bacterial aggre-
gates.

The VideoScan technology can be used as a high-throughput screening method to
evaluate biofilms by automated epifluorescence microscopy. This image-based plat-
form is cost-efficient, multiplexing (different conditions at one time), and timesaving.
Furthermore, this technology can be applied to the screening of mutant libraries for
biofilm formation regarding the identification of biofilm-associated genes or for testing
the efficacy of antimicrobial agents. To expand the VideoScan method used for
screening of biofilms, we plan to incorporate fluorescent dyes, e.g., calcofluor white, to
stain different matrix components.

In conclusion, our data indicate that the presence or absence of a genotype or
phenotype cannot explain the differences observed between biofilm formations of
different E. coli pathotypes under the investigated conditions. These findings highlight
the fact that biofilm-promoting factors shown to be critical for biofilm formation in
nonpathogenic strains do not necessarily reflect their impact in clinical isolates. The
biofilm of EAEC constituted a unique formation of bacterial communities, suggesting
the contribution of additional, so far unknown, factors in the process of biofilm
formation, supporting their survival and virulence in the host. Thus, biofilm formation
of EAEC isolates could contribute to the establishment of long-term colonization and
chronic infections, where the biofilm matrix protects embedded bacteria against the
host immune system and antimicrobial agents.

MATERIALS AND METHODS
Bacterial isolates. In this study, various clinical isolates from humans were investigated, including

HFEC (n � 24), UPEC (n � 24), ETEC (n � 24), aEPEC (n � 24), EAEC (n � 24), SAEC (n � 24), and CAEC
(n � 19) isolates, while isolates from birds (AFEC [n � 24]) were used as a control group. All isolates were
epidemiologically independent, and only one E. coli isolate per sample was used. Bacterial isolates
obtained from different origins (e.g., clinical laboratory or the institute’s strain collection) were streaked
onto CHROMagar orientation plates (Mast Diagnostica GmbH, Reinfeld, Germany) (71). One single pink
colony was subcultured twice and stored in 15% glycerol at �80°C until further usage.

E. coli strain K-12 MG1655 F=Tet ΔtraD served as a positive control for biofilm formation. This strain
bears a conjugative plasmid known to be a strong adhesion factor and thus mediates strong biofilm
formation (72). E. coli Nissle 1917 was used as a positive control for the screening of curli fimbriae and
cellulose expression (73).

Detection of biofilm-associated genes. The presence of biofilm-associated genes was evaluated by
PCR for genes csgA, agn43, papC, fliC, bcsA, and fimH. Primer sets (BioTeZ Berlin-Buch GmbH, Berlin,
Germany) and sizes of PCR products are shown in Table 3. For fimH, agn43, papC, and fliC, the primer
sequences were chosen from previously published studies and verified using BLAST. For bcsA and csgA,
the nucleotide sequences known to be highly conserved in E. coli were taken from the GenBank
sequence database (NCBI) and aligned using BLAST to verify the conservation of the gene sequences
among sequenced E. coli isolates in the database.

Bacterial heat lysates were prepared by inoculating 1 ml of LB medium with a single E. coli colony and
incubating at 37°C for 16 h with shaking at 180 rpm. Bacteria were centrifuged and pellets were
resuspended in 300 �l sterile double-distilled water (ddH2O), followed by lysis at 99°C for 10 min and
incubating 15 min on ice. After centrifugation, the DNA-containing supernatants were stored at �20°C.
For each PCR reaction mixture, 1 �l of lysate was mixed with 14 �l of PCR mix in a 96-well plate using
a Biomek 2000 laboratory automation workstation (Beckman Coulter GmbH, Krefeld, Germany). PCR
mixtures contained the following components (final concentrations): 1� PCR buffer, 4 mM MgCl2
(Rapidozym GmbH, Berlin, Germany), 0.2 mM deoxynucleoside triphosphates (dNTPs) (Jena Bioscience
GmbH, Jena, Germany), 0.4 �M each primer, and 0.5 U BioTherm Taq DNA polymerase (Rapidozym
GmbH). PCR was performed in an Eppendorf cycler (Mastercycler EP gradient; Eppendorf, Hamburg,
Germany) using the following program: 3 min at 95°C, 30 cycles of 30 s at 94°C, 30 s at 60°C, and 1 min
at 72°C, and a final extension for 5 min at 72°C. PCR results were analyzed using MultiNA capillary
electrophoresis (MCE-202 MultiNA; Shimadzu GmbH, Duisburg, Germany). Each isolate was tested twice
in independent experiments for the detection of biofilm-associated genes.
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Cellulose and curli production. In Salmonella and E. coli, the biofilm formation is associated with the
expression of curli fibers and cellulose (28, 53, 74). The production of these matrix components can be
examined by using Congo red dye, which binds to both cellulose and curli (55, 75). To determine the
production of cellulose and curli fimbriae, E. coli isolates were streaked on LB agar plates without salt
supplemented with 40 �g/ml Congo red (Carl Roth GmbH, Karlsruhe, Germany) and 20 �g/ml brilliant
blue R250 (Carl Roth GmbH). After incubating for 24 h at 37°C and 48 h at 28°C, the morphotypes were
determined and classified as an rdar morphotype, indicating curli and cellulose production, an bdar
morphotype, indicating only curli production, and a saw morphotype, indicating neither curli nor
cellulose production (55, 56).

Cellulose production was further determined by streaking the bacteria on LB agar without salt
supplemented with 200 �g/ml calcofluor (fluorescence brightener 28; Sigma-Aldrich GmbH, Munich,
Germany). The dye calcofluor binding to �(1-4)- and �(1-3)-linked polysaccharides is routinely used to
detect cellulose-producing bacteria in agar plate assays or by fluorescence microscopy (53, 76, 77). After
incubating the agar plates for 24 h at 37°C and 48 h at 28°C, the assessment of cellulose production was
done by verifying the fluorescence of the bacteria under a 366-nm UV light source. Each isolate was
tested for cellulose and curli production in three independent experiments. The cellulose- and curli-
producing strain E. coli Nissle 1917 was used as a positive control (73).

Motility assay. To examine motility, bacteria were inoculated in 1 ml of LB medium and incubated
at 37°C for 16 h with shaking at 180 rpm. Each isolate was stabbed with sterile needle in the center of
a motility agar plate (LB containing 0.25% agar) followed by an incubation at 37°C for 16 h. Positive
motility was indicated by diffused growth from the point of inoculation with a diameter of growth zone
of �5 mm. A negative motility test was indicated by growth along the stab point with a diameter of �5
mm. Each isolate was tested for motility in three independent experiments.

Biofilm formation assay. Screening for biofilm formation was performed with a modified protocol
developed by O’Toole and Kolter (78); it was carried out using standard growth media (20, 90–92),
including LB broth, TSB, BHI broth (Sigma-Aldrich GmbH), and M63 minimal medium supplemented with
1 mM MgSO4 and 1% glucose (M63). As we screened E. coli isolates from humans, we decided to examine
their biofilm-forming ability under natural ambient conditions in a human host. Isolates were grown in
LB medium at 37°C for 16 h with shaking at 180 rpm (containing approximately 108 CFU/ml) and diluted
1:100 in respective media. For biofilm formation, 200 �l of a diluted culture was inoculated in a 96-well
flat-bottom polystyrene microtiter plate (Greiner Bio-One GmbH, Frickenhausen, Germany). Bacteria were
incubated for 48 h at 37°C under static conditions. E. coli strain MG1655 F=Tet ΔtraD served as a positive
control for biofilm formation. Media without bacteria were used as negative controls. For different
biofilm-staining methods, the same bacterial cultures were used as for biofilm formation and were
treated equally.

Biofilm staining. (i) SYTO 9 staining. The fluorescent nucleic acid stain SYTO 9 binds to DNA of both
live and dead cells after passively diffusing through the cell membranes (79). A substantial part of the
biofilm matrix is extracellular DNA (80) so that SYTO 9 can be used for the staining of total biofilm
biomass. For SYTO 9 staining of biofilms, the 96-well plates were carefully washed once with isotonic
saline to remove nonadherent bacteria, followed by an incubation in the dark for 10 min with isotonic
saline containing 5 �M SYTO 9 green fluorescent nucleic acid stain (Thermo Fisher Scientific GmbH,
Dreieich, Germany). The plates were washed again with isotonic saline and analyzed using the auto-
mated VideoScan technology. Each isolate was tested in triplicate for each of the four media in three
independent experiments.

(ii) Crystal violet staining. The basic dye crystal violet binds to negatively charged surface molecules
and polysaccharides in the biofilm matrix (81). Because living and dead cells, as well as the matrix, are

TABLE 3 Primers for detection of biofilm-associated genes in E. coli

Gene

Primer

Reference or source DescriptionDirectiona Sequence (5=¡3=) Product size (bp)

agn43/flu F GGGTAAAGCTGATAATGTCG 508 86 Autoaggregation factor antigen 43
R GTTGCTGACAGTGAGTGTGC

bcsA F GCTTCTCGGCGCTAATGTTG 826 This study Cellulose
R GAGGTATAGCCACGACGGTG

papC F TGATATCACGCAGTCAGTAGC 501 87 P pili associated with pyelonephritis
R CCGGCCATATTCACATAAC

csgA F GCAATCGTATTCTCCGGTAG 418 This study Curli fimbriae
R GATGAGCGGTCGCGTTGTTA

fimH F TGCAGAACGGATAAGCCGTGG 506 88 Type I fimbriae
R GCAGTCACCTGCCCTCCGGTA

fliC F ATGGCACAAGTCATTAATACCCAAC 1,497 89 Flagella
R CTAACCCTGCAGCAGAGACA

aF, forward; R, reverse.
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stained, crystal violet can be used for total biomass staining. The staining was performed as described
previously by Christensen et al. (82). The 96-well plates were carefully washed once with ddH2O to
remove nonadherent bacteria, stained with 0.1% crystal violet (Carl Roth GmbH) for 10 min, and washed
twice with ddH2O. The extraction of surface-bound crystal violet was performed by incubating with 95%
ethanol. After 10 min of incubation, the solutions were transferred to a fresh 96-well plate. Optical
densities were measured at 570 nm (OD570) with a 96-well plate reader (Sunrise; Tecan GmbH, Crailsheim,
Germany). Each isolate was tested in quadruplicate in LB medium in three independent experiments.
The extent of biofilm formation was determined by using the classification from Stepanović et al.
(34). Bacterial isolates were classified into four categories, namely, non-biofilm producer, weak,
moderate, and strong, based on the means of the measured OD570 values. The cutoff value (ODc) for
this classification is defined as three standard deviations above the mean OD570 of the negative
control. Isolates were classified as follows: non-biofilm former, OD570 � ODc; weak biofilm former,
OD570 � ODc and � 2� ODc; moderate biofilm former, OD570 � 2� ODc and � 4� ODc; strong
biofilm former, OD570 � 4� ODc.

VideoScan fluorescence imaging technology. The VideoScan technology implemented in the
Aklides system (GA Generic Assays GmbH, Dahlewitz, Germany) is a versatile platform for the analysis of
fluorescent objects (30, 31, 83–85). The inverse motorized fluorescence microscope consists of commer-
cial hardware components and in-house-developed software. The camera focuses automatically and
captures the images, which are processed via sophisticated digital image processing methods. The
VideoScan technology enables the analysis of multiplex assays such as microbead or cell-based assays
(30, 31), and its utility was enhanced during the present study for the high-throughput screening of
biofilms.

To evaluate the strength of the biofilm-forming capability of a bacterial isolate, the fluorescence
intensity of each well of the 96-well plate was quantified by using the in-house-designed software
package FastFluoScan. A filter set for SYTO 9 staining (excitation filter, 422 to 467 nm; dichroic mirror, 482
nm; emission filter, 489 to 531 nm) and an Olympus PlanApoN 1.25�/0.04 objective were used. The
intensity was measured in the center of the well in a square 4 mm by 4 mm. The background
fluorescence intensity of the polystyrene plate was deducted from each generated fluorescence intensity
value. The fluorescence intensities of controls and SYTO 9-stained biofilms in the wells were referenced
to the fluorescence intensity of internal reference microbeads (PolyAn GmbH, Berlin, Germany) contain-
ing a fluorescent dye equivalent to SYTO 9. The referenced fluorescence intensities were expressed as the
median of the relFI in arbitrary units (AU). In addition, the reference beads served to compensate
interarray variations. The relFI of SYTO 9-stained bacteria correlated with the amount of biofilm formation
in the wells of the microtiter plates.

To further examine E. coli isolates qualitatively for biofilm formation, overview images from each
well of the 96-well plates were taken automatically by focusing on the well bottoms. To obtain the
overview images, the camera captured 12 smaller single images (Olympus UPlanSApo 4�/0.164
objective) per well, which were composed to one overview image showing the biofilm formed in
each well (diameter of 6 mm) of the 96-well plate. Overview images of the single wells were merged
to 96-well-plate overview images for each plate. The outermost columns and rows of the 96-well
plate were omitted, since they were not used for the biofilm formation. Therefore, one 96-well-plate
overview image contained five bacterial isolates tested for biofilm formation in four different media.

Statistical analysis. Multiple �2 tests were used to determine statistically significant differences for
the general gene prevalences and the prevalences of genes between different pathotypes. P values for
the comparison of the prevalences of a gene between all pathotypes were computed using a proportion
test for multiple groups. For comparing the prevalences of a gene between different pathotypes,
computed P values were adjusted using a Benjamini-Hochberg P value correction. Pearson’s �2 test with
Yates’ continuity correction was used to examine the correlation of fliC and motility and the correlation
between VideoScan and crystal violet assay. To find significant differences in the biofilm-forming
capability of a pathotype, median values for isolates belonging to different pathotypes were compared
using multiple Wilcoxon tests (Benjamini-Hochberg P value correction). P values of less than 0.05 were
scored as statistically significant.
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